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ABSTRACT 
Currently, the most widely used binder in batteries is polyvinylidene fluoride (PVDF) with N-methyl-2-
pyrrolidone (NMP) used as a solvent. This solvent is flammable and toxic. Here we focus on the 
suitability of using water soluble sodium alginate (Na-alginate) and sodium carboxymethyl cellulose (Na-
CMC) as alternative biobased binder materials for the anodes of lithium ion batteries. It reduces the 
environmental impact of current manufacturing processes. However, control of the rheological 
characteristics of the binder whilst containing active and conductive additives is key for optimised 
processing.  Here we perform stability and rheological measurements of Na-alginate and Na-CMC 
solutions containing varying amounts of graphite and carbon black used as active and conductive 
materials respectively. Comparing to the benchmark Na-CMC, the degree of flocculation shows that for 
the same concentration of binder in water, Na-alginate suspensions are more stable. The rheology 
measurements show that Na-alginate slurries have a higher viscosity than Na-CMC at a shear rate of 50 
s-1 with that for a 1.5% of Na-alginate binder being 1.26 Pa·s while for Na-CMC it was for 0.20 Pa·s. The 
loss factor was lower for Na-Alginate, between 2 and 3 against between 2.9 and 3.3 for Na-CMC, 
showing a more developed network structure. 
 
INTRODUCTION 
Since SONY manufactured the first commercial lithium ion battery in the 1990s, extensive research and 
efforts have been carried out to improve battery performance and to reduce the costs. Research efforts 
have mainly focused on two areas, electrochemistry and materials processing1,23,4. The electrodes are 
positive or negative and contain an active material, a conductive additive and a binder. During 
manufacture, three materials are normally mixed using a solvent and then coated and dried onto the 
current collector. The active material is the material that exchanges the lithium ions and the electrons. 
In the cathode the active material is the lithium metal oxide whilst in the anode graphite is the major 
material used1. Lithium is the most electropositive and the lightest of all metals 2 with a high voltage, 
high volumetric and gravimetric energy density, low self-discharge rate, no memory effect, quick charge 
acceptance, excellent life cycle and displays a wide operating temperature range5. Graphite has an 
excellent cycling behaviour with a reversible capacity of 372 mAh/g and it is stable with Li metal. It can 
sustain at least 800-1000 cycles but its electrochemical performance in the anode depends on its 
crystallinity, furnace processing atmosphere and maximum heat-treatment temperature 1,6. The 
conductive additive is added to improve the conductivity between the active particles. Carbon black is 
the most commonly used material and it gives a larger first-cycle irreversible capacity and a low 
charge/discharge capacity 7. The binder binds the graphite and carbon black to the current collector. The 
binder must be chemically and electrochemically stable and importantly it must allow the incorporation 
(in water) of the hydrophobic carbon black. Also, it must have tailored rheological properties when used 
as a slurry in order to optimise the casting process onto the current collector 8. Currently, the most 
widely used binder is polyvinylidene fluoride (PVDF) with N-methyl-2-pyrrolidone (NMP) used as a 
solvent 1,9,10 .However, the greatest disadvantage of using PVDF as binder in lithium ion batteries is the 
need for an organic solvent such as the NMP. The solvent is flammable and environmentally unfriendly. 
It is also mutagen, tumorigenic and has been associated with reduced fertility. Because of this, when the 
slurry is dried, the solvent has to be collected and purified for reuse and this increases the cost of 
processing. In addition PVDF it is not easy to recycle due to its flammability and toxicity 1, 8, 9, 11-13. An 
additional disadvantage is that the PVDF can react with the active materials in the electrodes at high 
temperatures creating a self-heating thermal runaway which may lead to an explosive hazard 9, 13. As 
alternative to PVDF, biopolymers such as: sodium-alginate (Na-Alginate), which have also found use in 
medical applications14 and sodium carboxymethyl cellulose (Na-CMC) can be used as binders for 
processing lithium battery electrodes 9, 15-18 . There are several studies that have demonstrated the 
suitability of Na-CMC and Na-Alginate for example: in the case of anatase TiO2 anodes which resulted in 
better electrochemical behaviour than anodes made with PVDF 9 demonstrating that the 
electrochemical performance of the electrodes made with these two binders was comparable to the 
PVDF 18. However, there has been no study to date on the optimised relationship between binder and 
additive in order to fully realise the potential of these materials in batteries. Here we investigate the 
rheological properties of Na-alginate and Na-CMC containing different amounts of graphite and carbon 
black. Once optimised the slurries are cast onto the current collector and imaged for homogenetity and 
reproducibility using scanning electron microscopy.  
EXPERIMENTAL 
Materials 
Na-Alginate (Mw 250,000)   and Na-CMC (Mw 250,000) were purchased from Sigma Aldrich. Carbon 
black “Super C45” (primary average particle size around  30 nm and surface area  62 m²/g)    and 
graphite “TIMREX SLP30” (average  particle size around 32 µm and surface area  7.5 m²/g)  were 
obtained from TIMCAL (Bironico, Switzerland).  
Preparation of dispersions  
Initially four different aqueous solutions of Na-Alginate (1 % wt and 1.5 % wt) and Na-CMC (1 % wt and 
1.5 % wt) were prepared. Then, carbon black (conductive material) and graphite (active material) were 
added to the binder solutions at several molar ratios. Finally, the dispersions were homogenized in a ball 
mill using cylindrical rods 10mm in length with a diameter of 5 mm in order to avoid agglomerates. 
Materials Characterization 
The slurries where left in a graduated cylinder for a week in order to calculate the degree of flocculation 
according to the equation: 
𝛽𝛽 = 𝑉𝑉𝑓𝑓
𝑉𝑉𝑑𝑑𝑓𝑓
           (1) 
Where Vf, is the volume of the flocculated suspension and Vdf, is the volume of the deflocculated 
suspensions. Volumes where noted the first and the last day. The rheological measurements were 
undertaken using a Discovery Hybrid Rheometer (DHR-2) from TA Instruments with a stainless steel 
cone and disposable aluminium plates. The cone has an angle of 4° and both, cone and plate had a 
diameter of 25 mm. The dynamic (shear) viscosity was measured by applying an increasing shear-rate, 
from 1 to 500 s-1 at 25 °C.  
Scanning electron microscopy (SEM) analysis was carried out in a Hitachi SU-70. Prior to observation, the 
samples were cast onto an aluminium foil using a doctor blade and were dried in a conventional oven at 
80°C with a pressure of 300 mbar overnight.  
 
 
RESULTS AND DISCUSSION 
The suspensions of the two binders, Na-alginate and Na-CMC, in DI-water, remained stable over 7 days 
with no phase separation or any settling observed for any of the binder concentrations. The solutions 
remained stable for a further 7 days upon carbon black addition.  After one week, phase separation 
occurred. This suggests that after the suspension was prepared agglomerates began to form between 
the carbon black particles and binder resulting in flocs which had a higher density than water resulting in 
gradual time dependent phase separation. Owing to the hydrophobic nature of carbon black small 
amounts were observed on the water surface. When the graphite is added to the suspension, in the case 
of the Na-CMC, the graphite settles to the lower part of the suspension immediately while the majority 
of the carbon black and the binder remained suspended. For the NA-Alginate binder all three 
components remain in suspension for longer.  
TABLE1. Degree of flocculation for Na-CMC slurries as a function of the composition after 7 days.  
Na-CMC 
Binder  
(%wt) 
Carbon black  
(%wt) 
Graphite 
(%wt) 
Dry content ratio 
B/CB/G 
Degree of 
flocculation 
0.87 0.17 16.02 5/1/94 4.3±0.1 
0.86 0.44 15.65 5/2.5/92.5 3.2±0.1 
0.87 0.85 15.60 5/5/90 3.00±0.06 
0.90 0.15 13.46 6/1/93 4.15±0.08 
0.90 0.36 13.05 6/2.5/91.5 4.9±0.1 
0.90 0.70 12.45 6/5/89 5.0±0.1 
0.92 0.14 11.40 7/1/92 5.4±0.1 
0.92 0.31 11.19 7/2.5/90.5 4.9±0.1 
0.93 0.58 10.19 7/5/88 4.9±0.1 
0.93 0.11 10.11 8/1/91 7.50±0.15 
0.96 0.29 10.29 8/2,5/89,5 5.7±0.1 
0.94 0.52 8.93 8/5/87 7.75±0.15 
0.95 0.10 9.18 9/1/90 7.2±0.2 
0.94 0.26 9.02 9/2.5/88.5 7.1±0.2 
0.95 0.49 8.51 9/5/86 6.6±0.1 
0.95 0.10 8.25 10/1/89 8.6±0.2 
0.96 0.22 7.82 10/2,5/87,5 5.3±0.1 
0.96 0.45 7.62 10/5/85 7.4±0.2 
1.20 0.23 21.68 5/1/94 1.90±0.1 
1.20 0.58 21.34 5/2.5/92.5 1.7±0.1 
1.20 1.16 20.78 5/5/90 1.3±0.1 
1.25 0.20 18.59 6/1/93 2.3±0.1 
1.29 0.17 16.20 7/1/92 3.0±0.1 
1.32 0.16 14.27 8/1/91 3.3±0.1 
1.36 0.13 11.54 9/1/90 4.4±0.1 
1.36 0.13 11.68 10/1/89 3.0±0.1 
 
 
TABLE 2. Degree of flocculation for Na-Alginate slurries as a function of the composition after 7 days.  
Na-Alginate 
Binder  
(%wt) 
Carbon black  
(%wt) 
Graphite 
(%wt) 
Dry content ratio 
B/CB/G 
Degree of 
flocculation 
0.89 0.17 15.66 5/1/94 1.1±0.1 
0.92 0.41 15.44 5/2.5/92.5 1.1±0.1 
0.91 0.82 15.03 5/5/90 1.05±0.05 
0.91 0.14 13.30 6/1/93 1.1±0.1 
0.91 0.37 13.09 6/2.5/91.5 1.13±0.05 
0.92 0.71 12.71 6/5/89 1.10±0.05 
0.94 0.12 11.51 7/1/92 1.20±0.1 
0.92 0.32 11.31 7/2.5/90.5 1.17±0.05 
0.93 0.63 11.00 7/5/88 1.24±0.05 
0.98 0.11 10.12 8/1/91 1.4±0.1 
0.94 0.27 9.53 8/2.5/89.5 1.32±0.05 
0.93 0.54 9.79 8/5/87 1.17±0.05 
0.95 0.10 8.86 9/1/90 1.72±0.05 
0.95 0.25 8.82 9/2.5/88.5 1.22±0.05 
0.95 0.50 8.57 9/5/86 1.4±0.1 
0.96 0.08 7.60 10/1/89 2.5±0.1 
0.96 0.24 7.95 10/2.5/87.5 1.5±0.1 
0.96 0.43 7.84 10/5/85 1.2±0.1 
1.28 0.22 21.72 5/1/94 1.09±0.05 
1.28 0.57 21.34 5/2.5/92.5 1.03±0.02 
1.28 1.14 20.75 5/5/90 1.04±0.03 
1.33 0.20 18.61 6/1/93 1.18±0.05 
1.37 0.19 16.24 7/1/92 1.10±0.05 
1.40 0.16 14.29 8/1/91 1.11±0.05 
1.43 0.15 12.81 9/1/90 1.07±0.05 
1.45 0.13 11.52 10/1/89 1.13±0.04 
1.46 0.32 11.37 10/2.5/87.5 1.14±0.06 
1.47 0.64 10.88 10/5/85 1.2±0.1 
 
Tables 1 and 2 show the results of the degree of flocculation for Na-CMC and Na-Alginate suspensions as 
function of the composition. Values close to 1 indicate a better stability of the suspension.  Na-Alginate 
dispersions showed a better stability compare to Na-CMC dispersions obtaining values around 1 in the 
vast majority of compositions.  
 
 FIGURE 1. Viscosity as a function of the shear-rate for (a) (b) Na-CMC and (c) (d) Na-Alginate suspensions 
after 7 days. 
Viscosity measurements were carried out on several slurries and are reported in Figure 1. In the case of 
suspensions based on Na-CMC the viscosity increases at higher graphite contents (5/1/94) (see Figure 1 
(a) and (b)). This is due to the increased amount of solids and the settling of the slurry as well as the 
need to disperse it in order to make it flow showing shear thinning and plastic flow behavior. The same 
trend has been observed for suspensions based on Na-Alginate (see Figure 1 (c) and (d)). However, the 
viscosity of Na-Alginate suspension was higher compared to the values obtained for slurries based on 
Na-CMC. This may explain the degree of flocculation results.   All the viscosity measurements were 
carried out 7 days after the slurries were prepared. 
 FIGURE 2. Storage, loss modulus and tan δ of slurries prepared using (a), (b) Na-CMC and (c), (d) as a 
binder.  
Figure 2 shows the rheological properties of slurries prepared using Na-CMC and Na- Alginate as binders. 
Irregular shapes in the pure materials are attributed to high loss modulus values (viscous component) of 
these materials. As viscosities are low, they fall below the limits of the instrument at high frequencies.  
 Figures 2 (a) and (c) show that for both binders the loss and storage modulus increase when carbon 
black and graphite are added. The effect of the addition of the graphite is more significant, due to big 
difference of mass between carbon black and graphite; which suggests that the change is due to the 
increase of the mass loading.  Both the Tan δ values greater than 1 in all cases, indicating the loss 
modulus is higher than the storage modulus and therefore it behaves as a fluid 19. 
 
FIGURE 3. Images of casted films over aluminium foils of slurries based on (a) Na-CMC and (b) Na-
Alginate. 
Optimised rheological dispersions were cast on aluminium foils. Figure 3 highlights that the lower 
viscosity and overall lower thixotropic properties of the Na-CMC dispersions, at the concentrations used 
in this research, compared to Na-Alginate contributes to a poor casting performance. However, the 
viscosity and thixotropic index were high enough for the slurries prepared using Na-Alginate, and they 
showed excellent reproducible behaviour during the casting process giving rise to a homogenous coating 
over the aluminium foil surface. 
 
 FIGURE 4. SEM images of (a) Na-CMC 5/1/94, (b) Na-Alginate 5/1/94, (c) Na-CMC 5/2.5/92.5, (d) Na-
Alginate 5/2.5/92.5, (e) Na-CMC 5/5/90 and (f) N Na-Alginate 5/5/90 films.  
The morphology of the as cast samples was analysed using SEM. Figures 4 (a), (c) and (e) shows the 
surface of the foils after solvent evaporation using Na-CMC as binder material. The binder is distributed 
around the graphite particles while the carbon black aggregates are deposited between the graphite 
particles (see Figure 4 (e)). The samples prepared using Na-Alginate as a binder materials showed a 
similar morphology as can be observed in Figures 4 (b), (d) and (f).  
CONCLUSIONS 
Na-alginate and Na-CMC were used as potential binder materials for lithium ion battery anodes and 
have been assessed in terms of processing, and reproducibility. The degree of flocculation shows that 
for the same concentration of binder in water, Na-alginate displays better stability. The viscosity of all 
the slurries increase with the addition of graphite and is higher and more thixotropic in the samples 
prepared with Na-Alginate. The SEM images after the casting and drying process, demonstrated that 
slurries based on Na-Alginate have been optimised to produce a slurry capable of producing a 
homogenous coating on the aluminium electrode. 
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